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The effect of the density dependence of the nucleonic equation of state and the hyperon meson
couplings on the star properties, including strangeness content, mass and radius, are studied within
a relativistic mean field formalism. It is shown that there is still lacking information on the nucleonic
equation of state at supra-saturation densities and on the hyperon interactions in nuclear matter
that will allow a clear answer to the question whether the mass of the pulsar J1614-2230 could rule
out exotic degrees of freedom from the interior of compact stars. We show that some star properties
are affected in a similar way by the density dependence of the symmetry energy and the hyperon
content of the star. To disentangle these two effects it is essential to have a good knowledge of
the equation of state at supra-saturation densities. A linear correlation between the radius and the
strangeness content of a star with a fixed mass is obtained.
PACS numbers: 21.65.-f 21.65.Ef 26.60.-c 97.60.Jd
I. INTRODUCTION
The measurement of the mass of the mili-second pulsar
PSR J1614-2230 with high precision,M = 1.97±0.04M⊙
[1], has given origin to a large number of studies that
discuss whether there is room for hyperons or other ex-
otic degrees of freedom inside this star [2–7]. In partic-
ular microscopic calculations using the non-relativistic
Brueckner-Hartree-Fock formalism predict a very large
softening of the equation of state (EOS) when hyper-
ons are taken into account, and are not even able to ac-
count for the standard neutron star masses of the order
∼ 1.4M⊙ [8]. The possibility that three-body-hyperonic
forces could solve this problem was discussed in [2] by
complementing the BHF calculation with a density de-
pendent Skyrme like term based on the model [9] which
mimics the many-body-term. Reasonable assumptions
seem to exclude the appearance of stars with masses
larger than 1.6M⊙. It would be important to verify
whether within a relativistic microscopic approach the
same conclusions would be drawn. It is known that
among the important effects included in the relativistic
models, the saturation of the scalar field gives rise to ef-
fects that can be interpreted as many-body effects and
could give rise to the extra repulsion needed [10].
Hyperons may appear in the inner core of neutron stars
at densities of about 2 − 3ρ0 and have first been intro-
duced in relativistic mean-field nuclear models in [11–13].
In particular, in reference [13] the strange mesons σ∗ and
φ have also been introduced. We will fix the couplings
of the hyperons to mesons following a similar way to the
one proposed in [13].
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In [3] the authors have shown that it was essential to
include the strange meson φ in order to get stiff enough
EOS that could describe a star with a mass of ∼ 2M⊙.
The calculation was done within a relativistic mean-
field (RMF) approach including only non-linear σ-meson
terms. The authors have concluded that the compression
modulus at saturation had little effect on the maximum
mass, which, however, was very sensitive to the effective
mass. Similar conclusions with respect to the EOS had
been drawn in [14]. Within this approach a small effective
mass at saturation requires a large sigma meson coupling
that has to be compensated by a large nucleon-omegame-
son coupling, giving rise to large vector contributions at
high densities, and, therefore, a stiff EOS and large star
masses. If, however, constraints on the EOS like the ones
coming from the flow analysis of nuclear matter in heavy
ion collisions [15] are imposed, stiff EOS at high densities
are ruled out. The softening of the EOS at large densities
may be achieved including a quartic term on the ω-meson
as in [16] or density dependent couplings as in [17].
In the present study we will analyze how the content
of strangeness of a star is defined by the properties of
the nucleonic EOS and the hyperon-meson couplings. In
particular we will discuss: a) the effect of the density
dependence of the symmetry energy, b) the effect of the
incompressibility of the EOS at 2-3 nuclear saturation
density, c) the joint effect of these two properties together
with the uncertainty on the hyperon couplings. The ef-
fect of the strange content on the maximum mass will be
discussed. It will be shown not only that the presence of
the strange mesons σ∗ and φ is important to give rise to
a hard hyperonic EOS at large densities as already shown
in [3, 5], but also that the density dependence of the EOS
at 2-3 times saturation density has noticeable effects on
the star properties. In [18], the authors study the impli-
cation of a soft EOS, as obtained from kaon production
in heavy-ion collisions at these same densities [19], on the
2properties of compact star.
In order to be able to quantize the effects we take as
reference the TM1 parametrization of relativistic mean-
field nuclear models [16]. This model was fitted to the
ground-state properties of several nuclei and to the Dirac-
Brueckner-Hartree-Fock calculations at large densities.
This last feature was only possible with the insertion of
a quartic self-interaction ω term which softens the vector
meson field at high densities. The effect of this softening
on the hyperon content will be discussed by varying the
strength of the quartic term. The slope of the symme-
try energy of TM1 at saturation L = 110 MeV is too
high according to the present experimental constraints
coming from different nuclear properties, lying close to
the upper limit of isospin diffusion in heavy ion collisions
[20]. In order to test the effect of the symmetry energy
slope we will introduce a non-linear ω − ρ term as in
[21] and change the coupling so that models with equiv-
alent isoscalar properties of TM1 but different density
dependence of the symmetry energy will be obtained. As
discussed in [7, 21–23] this term reflects itself on the star
properties, namely giving rise to a smaller radii. We will
show that this effect is larger for nucleonic stars than for
hyperonic stars and that, in fact, the presence of hyper-
ons gives rise to a similar effect that masks the symmetry
energy one.
In section II we present the formalism used, in section
III the results are presented and discussed and finally in
section IV some conclusions are drawn.
II. FORMALISM
To describe the hadronic matter, we employ a rela-
tivistic mean-field (RMF) approach, in which the baryons
interact via the exchange of mesons. The baryons con-
sidered in this work are nucleons (n and p) and hyperons
(Λ, Σ, and Ξ). The exchanged mesons include scalar and
vector mesons (σ and ω), isovector meson (ρ), and two
additional hidden-strangeness mesons (σ∗ and φ). The
Lagrangian density includes several non-linear terms in
order to describe adequately the saturation properties of
nuclear matter. For neutron star matter consisting of
neutral mixture of baryons and leptons in β-equilibrium,
we start from the effective Lagrangian density of the non-
linear Walecka model (NLWM) [16]
LNLWM =
∑
B
Ψ¯B [γµD
µ
B −m∗B ]ΨB
+
∑
l
ψ¯l [iγµ∂
µ −ml]ψl
+
1
2
(
∂µσ∂
µσ −m2σσ2
)− 1
3!
kσ3 − 1
4!
λσ4
+
1
2
m2ωωµω
µ − 1
4
ΩµνΩ
µν +
1
4!
ξg4ω (ωµω
µ)
2
+
1
2
m2ρbµb
µ − 1
4
BµνB
µν
+ Λω
(
g2ωωµω
µ
) (
g2ρbµ.b
µ
)
+
1
2
(
∂µσ
∗∂µσ∗ −m2σ∗σ∗2
)
+
1
2
m2φφµφ
µ − 1
4
φµνφ
µν (1)
where DµB = i∂
µ − gωBωµ − gφBφµ − gρBτB.bµ and
m∗B = mB − gσBσ− gσ∗Bσ∗ is the baryon effective mass.
ΨB and ψl are the baryon and lepton Dirac fields, respec-
tively, and σ, ω, and ρ represent the scalar, vector, and
vector-isovector meson fields, which describe the nuclear
interaction. The coupling constants of mesons i = σ, ω, ρ
with baryon B are denoted by gi,B where the index B
runs over the eight lightest baryons n, p, Λ, Σ−, Σ0, Σ+,
Ξ− and Ξ0, and the sum on l is over electrons and muons
(e− and µ−). The baryon mass and the lepton mass are
denoted by mB and ml, respectively. The constants k
and λ are the weights of the scalar self-interaction terms
and τB is the isospin operator. The mesonic field tensors
are given by their usual expressions: Ωµν = ∂µων−∂νωµ,
Bµν = ∂µbν − ∂νbµ, and φµν = ∂µφν − ∂νφµ.
In the RMF model, the meson fields are treated as clas-
sical fields, and the field operators are replaced by their
expectation values. Applying the Euler-Lagrange equa-
tions to Eq.(1) and using the mean-field approximation,
we obtain the following meson field equations of motion
as following, with giB = xiBgi,
σ0 =
gσ
m2σ,eff
∑
B
xσB
pi2
∫ kBF
0
m∗B k
2 dk√
k2 +m∗B
2
(2)
ω0 =
gω
m2ω,eff
∑
B
xωB
(
kBF
)3
3pi2
, (3)
b0 =
gρ
m2ρ,eff
∑
B
xρBτ3B
(
kBF
)3
3pi2
, (4)
σ∗0 =
gσ∗
m2σ∗
∑
B
xσ∗B
pi2
∫ kBF
0
m∗B k
2dk√
k2 +m∗B
2
(5)
φ0 =
gφ
m2φ
∑
B
xφB
(
kBF
)3
3pi2
, (6)
where
m2σ,eff = m
2
σ +
k
2
σ0 +
λ
6
σ20 (7)
m2ω,eff = m
2
ω +
ξ
6
g4ωω
2
0 + 2Λωg
2
ωg
2
ρb
2
0, (8)
m2ρ,eff = m
2
ρ + 2Λωg
2
ωg
2
ρω
2
0 . (9)
We see that the non-linear ω and ρ terms give rise to ef-
fective masses for the ω and ρ mesons that increase with
density, giving rise to a softening of the vector fields at
large densities. In this work, we employ the TM1 pa-
rameter set of the RMF model. The meson-hyperon and
the strange meson-hyperon coupling constants gωH , gρH ,
gσ∗H , and gφH are determined by using SU(6) symmetry
1
3
gωN =
1
2
gωΛ =
1
2
gωΣ = gωΞ,
3TABLE I: Coupling constants and masses for the TM1 and
TM1-2 models which have the same saturation properties:
saturation density ρ0 = 0.145 fm
−3, binding energy E/A =
−16.30 MeV, symmetry energy J = 36.93 MeV, incompress-
ibility K = 281.28 MeV, effective mass M∗/M = 0.63.
Model
(
gσ
mσ
)2 (
gω
mω
)2 (
gρ
mρ
)2
k/M λ ξ
(fm)2 (fm)2 (fm)2
TM1 15.0125 10.1187 5.6434 3.0655 2.7333 0.06
TM1-2 14.9065 9.9356 5.6434 3.5351 -47.8812 0.04
gρN = gρΛ =
1
2
gρΣ = gρΞ
2gφΛ = 2gφΣ = gφΞ = −2
√
2
3
gωN (10)
where N means nucleon (giN ≡ gi). The scalar coupling
constants are chosen to give reasonable potentials. The
coupling constants gσH of the hyperons with the scalar
meson σ are adjusted to the potential depths U
(N)
H felt by
a hyperon H in symmetric nuclear matter at saturation
following the relation
UNH = xωHVω − xσHVσ (11)
with xi,H = gi,H/gi, Vω ≡ gωω0 and Vσ ≡ gσσ0 are
the nuclear potentials for symmetric nuclear matter at
saturation density. For the present work we will fix UNΛ =
−28 MeV, and use UNΣ = −30, 0, 30 MeV, and for UNΞ
we will use different values −18, 0, and 18 MeV. For
the σ∗ meson we consider a weak YY coupling and take
UΛΛ ∼ −5 MeV. together with 2gσ∗Λ = 2gσ∗Σ = gσ∗Ξ.
All hyperon coupling ratios {gσH , gωH , gρH}H=Λ,Σ,Ξ are
determined once the coupling constants {gσ, gω, gρ} of
the nucleon sector are given. The hyperons masses are
taken to be mΛ = 1116 MeV, mΣ+ = 1189 MeV, mΣ0 =
1193 MeV, mΣ− = 1197 MeV and mΞ0 = 1315 MeV,
mΞ− = 1321 MeV, while the strange meson masses are
mσ∗ = 980 MeV and mφ = 1020 MeV.
For neutron star matter consisting of a neutral mix-
ture of baryons and leptons, the β equilibrium condition
without neutrino trapping are given by
µp = µΣ+ = µn − µe
µΛ = µΣ0 = µΞ0 = µn
µΣ− = µΞ− = µn + µe
µµ = µe (12)
where µi is the chemical potential of species i. The chem-
ical potentials of baryons and leptons are given by
µB =
√
kBF
2
+m∗B
2 + gωBω0 + gρBτ3Bb0 + gφBφ0
µl =
√
klF
2
+m2l . (13)
and the charge neutrality condition is written by
ρp + ρΣ+ = ρe + ρµ + ρΣ− + ρΞ− , (14)
where ρi =
(
kiF
)3
/
(
3pi2
)
is the number density of species
i. We solve the coupled equations self-consistently at a
given baryon density ρB = ρn + ρp + ρΛ + ρΣ+ + ρΣ0 +
ρΣ− + ρΞ0 + ρΞ− Through the energy-momentum tensor,
we obtain the total energy density and the pressure of
the neutron star matter
ε =
∑
B
1
pi2
∫ kBF
0
√
k2 +m∗B
2k2dk
+
∑
l=e,µ
1
pi2
∫ klF
0
√
k2 +m2l k
2dk
+
1
2
m2σσ
2
0 +
k
6
σ30 +
λ
24
σ40 +
1
2
m2ωω
2
0 +
1
8
ξg4ωω
4
0
+
1
2
m2ρb
2
0 + 3Λωg
2
ωg
2
ρω
2
0b
2
0
+
1
2
m2σ∗σ
∗2 +
1
2
m2φφ
2
0, (15)
P =
∑
B
1
3pi2
∫ kBF
0
√
k2 +m∗B
2k2dk
+
∑
l=e,µ
1
3pi2
∫ klF
0
√
k2 +m2l k
2dk
− 1
2
m2σσ
2
0 −
k
6
σ30 −
λ
24
σ40 +
1
2
m2ωω
2
0 +
1
24
ξg4ωω
4
0
+
1
2
m2ρb
2
0 + Λωg
2
ωg
2
ρω
2
0b
2
0
− 1
2
m2σ∗σ
∗2 +
1
2
m2φφ
2
0. (16)
III. RESULTS AND DISCUSSIONS
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FIG. 1: (Color online) EOS for TM1, TM1-2 and FSU [24]
above saturation density. The shaded region represents con-
straints imposed by heavy ion flow [15].
In order to better understand the effect of the symme-
try energy and the incompressibility of the EOS at high
densities together with the uncertainty on the hyperon
4interaction on the strangeness content, the mass and ra-
dius of the stars, we consider the parametrization TM1,
a parametrization that satisfies the heavy-ion flow con-
straints for symmetric matter at 2-3ρ0 [15], see Fig. 1.
Even though in the following we will use parametrizations
which satisfy this constraint, it is important to point out
that, since it is hard to model flow in transport simula-
tions, this constraint should be taken with care.
We will also consider two variations of TM1: a) we
will consider the EOS of TM1 with a smaller quartic
omega term, but with the same properties at saturation.
We designate this parametrization as TM1-2, and, as
shown in Fig. 1, it is stiffer than with TM1 at supra-
saturation densities but still within the constraints im-
posed by heavy ion flow [15]; b) the symmetry energy
slope of TM1 at saturation density is L = 110 MeV, a
value which is presently considered too high (see [20, 25]),
and, therefore, we also take a second parametrization
changing the isovector channel of TM1 by including a
non-linear ωρ term that makes the symmetry energy
slope softer at supra-saturation densities. We will choose
L = 55, 70 and 80 MeV. Using these nucleonic EoS we
will test different hyperon interactions in nuclear matter.
For the hyperon potentials in symmetric nuclear mat-
ter at saturation we take UNΛ = −28 MeV, UNΣ = 30 MeV
and UNΞ = ±18 MeV. The two values of UNΞ take into ac-
count some uncertainty on the experimental data on this
potential [26]. Finally, we also consider the inclusion of
the strange mesons σ∗, φ. According to recent experi-
mental Λ − Λ-hypernuclear data, the Λ − Λ interaction
is only weakly attractive [27]. The effect of the small
attractiveness of the hyperon-hyperon coupling will be
considered by choosing a) a weak gσ∗H coupling; b) the
extreme value gσ∗H = 0.
In Fig. 2, top panel, the EOS for the different choices of
the nucleonic and hyperonic parametrizations are shown.
The full dots indicate the central density of the most
massive stable stars within each parametrization. We do
not include the EOS without hyperons in the figure in
order not to burden it, but, as shown in Fig. 7 of [28]
it corresponds to the hardest EOS and gives rise to a
maximum star mass of 2.18M⊙ for L = 110 MeV and
2.13M⊙ if L = 55 MeV (see Table II). The full lines de-
scribe the EOS without the strange mesons and these
are the softer EOS. In this case the difference between
the L = 55 MeV (thick lines) and L = 110 MeV (thin
lines) is the largest. This is also the situation when the
Ξ potential has the largest effect. The strangeness con-
tent corresponding to these EOS, see bottom panel of
Fig. 2, explains the differences: the onset of strangeness
occurs at lower densities for L = 110 MeV and increases
faster. A more attractive Ξ potential also gives rise to
larger strangeness fractions. An interesting effect is that
although having a softer EOS, stars whose strangeness
fraction increase faster with density have lower central
densities, as if the star did not support more than a given
strangeness content.
As already discussed in [7, 22], a smaller slope L im-
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FIG. 2: (Color online) Pressure versus energy density (top)
and strangeness fraction versus baryonic density (bottom) for
TM1 model, for different values of UNΞ (-18 MeV green curves
and +18 MeV black curves) and the Λω coupling (0 corre-
sponding to L = 110 MeV thin curves and 0.03 for L = 55
MeV thick lines). The dots identify the maximum mass con-
figuration. The dotted curves correspond to smaller quartic
omega term.
plies a softer increase of the strangeness fraction with
density. However, because the central density of these
stars is larger, it is important to study the total hyperon
content of the star. This will be done by calculating for
each star the total strangeness number
NS = 4pi
∫ R
0
ρs r
2√
1− 2m(r)/r dr,
where m(r) is the mass inside the radius r.
Including strange mesons washes out the effect of the
symmetry energy and of the Ξ optical potential on the
EOS, mainly if only the φ meson, that gives rise to ex-
tra repulsion between hyperons, is included (dash-dotted
lines).
Taking the nucleonic TM1-2 EOS, a stiffer EOS than
TM1 at large densities (dotted lines) the EOS re-
mains always stiffer than TM1 although having a larger
strangeness content.
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FIG. 3: (Color online) Onset of the Λ, the Σ−, and the Ξ−
hyperons as a function of the parameter Λω and with U
N
Λ =
−28 and several values of UNΣ and U
N
Ξ in symmetric nuclear
matter at saturation. The limiting values of Λω correspond
to 110 MeV (0) and 55 MeV (0.03). The pair of values given
in each graph refers to (UNΣ , U
N
Ξ ).
We have seen that the symmetry energy affects the
onset of hyperons, namely postponing to larger densities
the onset of hyperons for smaller L values. In Fig. 3 it is
shown that the different hyperons are affected in a differ-
ent way by the symmetry energy. In this figure we plot as
a function of the coupling Λω, Λω = 0 (0.03) corresponds
to 110 (55) MeV, the onset of the Λ, Σ− and Ξ−. It is
seen that the onset of Σ− always decreases with the de-
crease of L, due to its larger isospin. On the other hand,
the onset of Λ occurs at larger densities. The Ξ− never
is the first hyperon to appear due to its large mass, but,
according to the attractiveness of its potential in nuclear
matter, it can appear as the second hyperon. If the re-
pulsiveness of the Σ− in nuclear matter is confirmed we
may expect that the Λ is the first hyperon to set on and,
therefore, with a smaller slope L the onset of strangeness
occurs at larger densities. However, if the optical poten-
tial of the Σ− in nuclear matter is only slightly repulsive
there may be a competition between the onset of Λ and
Σ− depending on the L, with smaller values of L favoring
the Σ− hyperon (see top figure of the right column).
Lepton fractions are also strongly affected by the sym-
metry energy density dependence and the hyperon inter-
action. From the equations of motion for the mesons,
Eqs. (6) and (9), it is seen that the non-linear ω − ρ
term gives rise to an effective mass for the ρ-meson that
increases with density, giving rise to a weaker ρ-meson
field, Eq. (6). An immediate consequence is a smaller
asymmetry proton-neutron term in the total energy and
larger allowed differences between neutrons and protons.
Smaller proton fractions give rise to smaller electron frac-
tions for smaller slopes L, as is clearly seen in Fig. 4. In-
cluding hyperons will further reduce the electron fraction
mainly if the hyperon couplings favor the appearance of
negatively charged hyperons. This explains the difference
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FIG. 4: (Color online) Electrons fraction Ye = ρe/ρ0 as func-
tion of the ratio ρ/ρ0 for TM1 model and different values of
UNΞ and the Λω coupling (see caption of Fig. 2). The dots
identify the maximum mass configuration.
between the green curves with UNΞ = −18 MeV which fa-
vors the onset of Ξ−, with respect to the black curves.
The onset of neutrally charged hyperons also reduces the
electron fraction although not so strongly. For L = 110
MeV the electron fraction at the center of the star can go
from 0.04 to 0.1 depending on the hyperon interaction.
This uncertainty reduces to a fraction between 0.01 and
0.03 for L = 55 MeV. Smaller electron fractions are gen-
erally connected to larger neutrino fractions in matter
with trapped neutrinos and therefore, the cooling in the
early seconds of a proton-neutron star will be strongly
affected by the slope L.
By solving the Tolman-Oppenheimer-Volkoff equa-
tions [29], resulting from Einstein’s general relativity
equations for spherically symmetric and static stars, the
neutron star profiles are obtained from the EOS studied,
for severals values of UNΞ and the Λω coupling. For
the outer crust EOS and the bottom inner crust EOS we
consider the BPS EOS [30].
We now analyze the gravitational mass/radius curves
of the families of stars described by the above EOS and
their strangeness content (Fig. 5 and Table II). In the
bottom panel of the Fig. 5 we plot, as a function of the
gravitational mass, the total strangeness number of the
star over the total baryonic number, which measures the
total strangeness content of the star. The strangeness de-
gree of freedom is only present in stars with gravitational
masses above 1.5 M⊙, and the strangeness content gen-
erally attains larger values for L = 110 MeV (thin lines).
In order to help the analysis of this information, in
Fig. 6 we plot the radius of a star with a mass 1.67M⊙
similar to the mass of the pulsar PSR J1903+0327
(1.67± 0.02M⊙) [31] as a function of its strangeness con-
tent. The largest strangeness fractions were obtained
considering an attractive potential for the Σ− meson. It
is interesting to notice that two almost parallel straight
lines are obtained: for L = 110 MeV the slope is -11.27
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FIG. 5: (Color online) Gravitational mass versus the radius
(top panel) and strangeness number over the total baryonic
number versus gravitational mass (bottom panel) for TM1,
and different values of UNΞ and the Λω coupling. The lines
indicate the lower and upper limit of the PSR J1614-2230
mass.
±4% km and for L = 55 MeV the slope is -10.62±1% km.
The straight lines cross the vertical axis for a nucleonic
star with no hyperons. The slope is almost independent
of L.
The information related to the maximum mass con-
figurations presented in Table II is partially plotted in
Fig. 7 for the parametrization TM1. We have considered
four values of Λω corresponding to L = 55, 70, 80 and
110 MeV in order to be able to discuss the effect of the
symmetry energy slope.
Some general conclusions may be drawn with respect
to the strangeness content: a) if the strange mesons are
not included, we get the smallest masses [see Table II
and red (UNΞ = −18 MeV), green (UNΞ = +18 MeV)
symbols in Fig. 7a)]. A faster increase of the strangeness
content seems to be the reason for this behavior. These
are also the stars with the smallest strangeness content
[see Fig. 7d)]; b) the maximum star mass changes with
L, and stars with an intermediate L have the smallest
masses and, generally, have the largest central densities
[see Fig. 7a) and e)]. There are two competing factors
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FIG. 6: (Color online) Radius of a star with mass 1.67M⊙ as
a function of the strangeness content, for TM1 with L = 110
MeV (top line with slope -11.27 ±4% km) and TM1 with ωρ
term and L = 55 MeV (bottom line with slope -10.62 ±1%
km).
that define this behavior: on one hand a larger L corre-
sponds to a harder EOS because the symmetry energy
increases faster with the density, on the other hand a
larger L favors larger strangeness fractions which soft-
ens the EOS. The first one gives rise to smaller central
densities and larger radii, while the second one leads to
the opposite; c) the strangeness content depends on the
hyperon interaction, and, in particular, on the Ξ poten-
tial in the present study. If UNΞ = +18 MeV (triangles)
the masses are larger and the strangeness fractions gen-
erally smaller; d) including the strange mesons gives rise
to more massive stars which may have larger strangeness
contents. In this case the strangeness content is always
smaller for a smaller slope L, and its maximum value is
of the order 0.04-0.05 according to the hyperon interac-
tion if L = 55 MeV. The upper limit can go to 0.07-0.08
if L = 110 MeV, Fig. 7d). Larger fractions may be ob-
tained if the UNΣ is considered attractive.
As discussed before, comparing stars with the same
mass the strangeness content depends on the hyperon-
meson interaction, and, for instance, a 1.67M⊙ may have
a strangeness fraction that goes from 0.005 to 0.115. The
largest strangeness fraction was obtained with UNΣ = −30
MeV, no strange mesons and L = 55 MeV. For L =
110 MeV there is no stable star with this mass for these
couplings.
We conclude that both the symmetry energy and the
strangeness content may give rise to similar effects on
some properties of the stars such as the radius. These
two effects may be partially disentangled by analyzing
stars in different mass ranges, since hyperons only exist
in massive enough stars, in the present case only if M >
1.5M⊙. On the other hand low mass stars do not test
the EOS at large densities. For TM1 the central density
of a star with M = 1.2M⊙ is of the order of 2ρ0. The
effect on the radius of a star with a mass M = 1.67M⊙
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FIG. 7: (Color online) Properties of maximum mass stars obtained with L = 55, 70, 80 and 110 MeV, for TM1: UNΞ = +18
MeV (triangles) without (green) and with (pink) Y Y interaction; UNΞ = −18 MeV (squares) without (red) and with (blue) Y Y
interaction: gravitational mass, baryonic mass, star radius, strangeness content and central density.
is similar if the slope L decreases from 110 MeV to 55
MeV or the total strangeness fraction in the star increases
from zero to 10%. In both cases the star radius suffers a
decrease of 1 km.
In [22, 28] it was shown that a smaller L makes the nu-
cleonic EOS softer giving rise to less massive stars with
smaller radius that varies approximately linearly with L.
The inclusion of hyperons softens the EOS but if the
strange mesons are included although the strangeness
fraction as a function of density is smaller, the total
strangeness content in the star will be larger than when
only non-strange mesons are included. If hyperonic de-
grees of freedom are included the radius of the star de-
creases. An extra decrease of the radius occurs when
a smaller L is considered, however, this effect is not so
strong as in nucleonic stars.
An attractive or repulsive optical potential of the hy-
perons, in the present study UNΞ , clearly affects the frac-
tion of strangeness as a function of density. A large frac-
tion of strangeness at smaller densities makes the EOS
too soft and smaller maximum masses and central densi-
ties are obtained. This effect almost disappears if strange
mesons are included.
At a given density the fraction of strangeness is smaller
for a softer symmetry energy. As a result, although the
initial nucleonic EOS is softer, a smaller hyperon fraction
may give rise to a slightly larger maximum mass, e.g.
1.76 M⊙ for L=55 MeV instead of 1.75 M⊙ for L=110
MeV if UNΞ = 18 MeV or 1.69M⊙ for L=55 MeV instead
of 1.68 M⊙ for L=110 MeV if U
N
Ξ = −18 MeV. This
effect was also observed in the calculation with the QMC
model [7]. This is not anymore true when the strange
mesons are included because it brings extra repulsion to
the EOS. Therefore, an EOS with a larger strangeness
content may become harder.
In this schematic study the largest mass obtained for
hyperonic stars is 1.96 M⊙, compatible with the mass
of the pulsar PSR J1614-2230, 1.97 ±0.04 M⊙. However,
there are still many uncertainties on the hyperon interac-
tion in nuclear matter and the EOS of nucleonic matter
at supra-saturation densities. It is, therefore, not possi-
ble to take firm conclusions with respect to the possible
existence of hyperons inside compact stars, except that it
seems important to include extra repulsion between hy-
perons at high densities through the inclusion of strange
mesons, as was proposed in [3].
IV. CONCLUSION
The density dependence of the EOS and the hyperon
couplings have both a strong effect on the mass and ra-
dius of the star. We have tested different hyperon-meson
parametrizations, using information from hyper-nuclei to
fix the couplings, and different nucleonic properties at
supra-saturation density within the limits of experimen-
tal constraints, namely the density dependence of the
symmetry energy and the incompressibility at large den-
sities.
The chosen nucleonic EOS cover different density de-
pendences of both the isoscalar and isovector channels of
the EOS. We have used an EOS with a quite high incom-
pressibility at saturation, K = 281 MeV. However, the
non-linear vector meson quartic term softens the EOS at
supra-saturation densities in such a way that the results
from Dirac-Brueckner-Hartree-Fock calculations are re-
produced [16], and the constraints imposed by heavy ion
collisions [15] are satisfied. Also the slope of the sym-
metry energy of this model at saturation is probably
too high according to present experimental information.
Therefore, we have tested other EOS, with a softer sym-
metry energy and with a harder EOS at supra-saturation
densities but still within the constraints of [15]. A softer
EOS at saturation or above saturation will not favor so
much the onset of hyperons, therefore, smaller hyperon
contents and larger hyperon onset densities are expected.
However, we should point out that a softer EOS at satu-
ration or just above will allow that larger central densi-
ties are attained in the star, and, therefore, it is expected
that the exotic degrees like hyperons will be present in
8TABLE II: Properties of maximum mass stars obtained with the TM1 [16], TM1-2 and FSU [24] nucleonic EOS and with the
corresponding hyperonic EOS with UNΛ = −28 MeV and U
N
Σ = 30 MeV and different values of U
N
Ξ .
Λω MG[M⊙] Mb[M⊙] R[km] Ec(fm
−4)
Ns
ρB
ρc(fm
−3)
no hyperons, TM1 0.0 2.18 2.54 12.39 5.36 - 0.85
0.03 2.13 2.51 11.92 5.61 - 0.90
no hyperons, TM1-2 0.0 2.29 2.69 12.57 5.15 - 0.81
0.03 2.25 2.66 12.14 5.37 - 0.86
no hyperons, FSU 0.03 1.72 1.97 10.85 7.07 - 1.15
UNΞ = −18 MeV
Without (σ∗, φ), TM1 0.0 1.68 1.88 13.51 3.81 0.0386 0.68
0.03 1.69 1.91 12.64 4.33 0.0395 0.77
Without (σ∗, φ), TM1-2 0.0 1.74 1.95 13.52 3.86 0.0479 0.68
0.03 1.77 2.01 12.70 4.34 0.0486 0.76
Without σ∗, TM1 0.0 1.88 2.13 12.40 5.34 0.0678 0.89
0.03 1.87 2.15 11.95 5.51 0.0535 0.92
Without σ∗, TM1-2 0.0 1.96 2.23 12.50 5.26 0.0773 0.87
0.03 1.96 2.27 12.10 5.37 0.0617 0.89
With (σ∗, φ), weak YY, TM1 0.0 1.77 2.00 12.72 4.87 0.0699 0.83
0.03 1.78 2.03 12.12 5.19 0.0594 0.89
With (σ∗, φ), weak YY, TM1-2 0.0 1.84 2.08 12.76 4.90 0.0818 0.83
0.03 1.86 2.13 12.21 5.14 0.0694 0.87
UNΞ = 0.0 MeV
Without (σ∗, φ), TM1 0.0 1.72 1.93 13.38 4.02 0.0412 0.71
0.03 1.74 1.97 12.62 4.39 0.0350 0.77
Without (σ∗, φ), TM1-2 0.0 1.79 2.01 13.44 4.00 0.0484 0.70
0.03 1.82 2.07 12.75 4.33 0.0417 0.76
Without σ∗, TM1 0.0 1.89 2.15 12.42 5.33 0.0628 0.88
0.03 1.89 2.17 12.00 5.44 0.0460 0.91
Without σ∗, TM1-2 0.0 1.98 2.26 12.53 5.23 0.0712 0.86
0.03 1.98 2.29 12.16 5.28 0.0526 0.88
With (σ∗, φ), weak YY, TM1 0.0 1.81 2.04 12.73 4.88 0.0636 0.83
0.03 1.81 2.07 12.19 5.10 0.0488 0.87
With (σ∗, φ), weak YY, TM1-2 0.0 1.88 2.13 12.81 4.84 0.0730 0.82
0.03 1.90 2.18 12.33 5.00 0.0568 0.85
UNΞ = 18 MeV
Without (σ∗, φ), TM1 0.0 1.75 1.97 13.22 4.24 0.0468 0.74
0.03 1.76 2.00 12.51 4.58 0.0374 0.80
Without (σ∗, φ), TM1-2 0.0 1.82 2.05 13.28 4.23 0.0542 0.74
0.03 1.84 2.11 12.65 4.51 0.0433 0.78
Without σ∗, TM1 0.0 1.90 2.16 12.39 5.36 0.0622 0.89
0.03 1.89 2.17 11.99 5.44 0.0456 0.91
Without σ∗, TM1-2 0.0 1.98 2.27 12.50 5.26 0.0701 0.87
0.03 1.98 2.29 12.15 5.29 0.0519 0.88
Without σ∗, FSU 0.03 1.53 1.71 10.94 6.87 0.0348 1.16
With (σ∗, φ), weak YY, TM1 0.0 1.83 2.07 12.63 5.03 0.0640 0.85
0.03 1.83 2.09 12.12 5.21 0.0479 0.89
With (σ∗, φ), weak YY, TM1-2 0.0 1.91 2.17 12.71 4.97 0.0728 0.83
0.03 1.91 2.20 12.27 5.09 0.0548 0.86
less massive stars.
The present study estimates an upper limit of the
expected hyperon content within RMF models taking
into account the existing experimental constraints from
heavy-ion collisions [15].
The effect of the density dependence of the symmetry
energy on low mass neutron stars, M < 1.4M⊙, with
no hyperon content, has been discussed within the RMF
formalism in [23]. In the present study, we focus on hy-
peronic stars. For the nucleonic EOS used, the hyperon
degrees of freedom are present only for densities above
2.2 to 2.5 ρ0, and inside stars with a mass larger than 1.5
M⊙. However, using a softer EOS like FSU [24], hyper-
onic stars have a mass above 1.2 M⊙
9softer, matter is more easily compressed and exotic de-
grees of freedom occur in less massive stars. In this case,
the strangeness content in the most favorable conditions
discussed in the present paper does not exceed 0.035 of
the total baryonic number in a maximum mass configu-
ration with M = 1.52M⊙.
We conclude that a softer symmetry energy gives rise
to smaller stars with smaller strangeness content. The
maximum gravitational and baryonic mass and the cen-
tral densities depend on the slope L on a non linear way,
and intermediate L values may give smaller masses and
larger central densities. It was also shown that for a star
with a fixed mass the radius of the star decreases lin-
early with the increase of the total strangeness content.
In particular a 1km decrease of the radius of a 1.67M⊙
star may be explained if the slope of the symmetry en-
ergy decreases from 110 to 55 MeV or the strangeness to
baryon fraction increases from zero to ∼ 0.09.
It was also shown that a softer symmetry energy corre-
sponds to a slower increase of the hyperon fraction with
density [7, 22]. However, the onset of strangeness de-
pends on the charge of the hyperons. Negatively charged
hyperons set on at smaller densities while neutral hyper-
ons appear at larger densities for smaller values of L. If
it is confirmed that the potential of Σ− is repulsive in
symmetric nuclear matter at saturation we may expect
that Λ is the hyperon that arises at lower densities, and,
in this case, the onset of strangeness occurs at larger den-
sities with smaller slope L.
For a nucleonic EOS we would expect that the softer
the EOS is, the larger are the central densities attained
and the smaller the radius. However, hyperons will affect
this simple relation and we have obtained larger central
densities with harder EOS when no exchange of strange
mesons or just a weakly attractive hyperon-hyperon in-
teraction are considered. This is due to a slower increase
of the hyperon content with density.
If the σ∗ meson is not included and a repulsive
hyperon-hyperon interaction is considered although a
larger L gives rise to a larger strangeness content, the
extra repulsion between hyperons due to the presence of
the φ-meson compensates for the extra hyperon fraction
and the effect of the symmetry energy is almost not seen
on the central density of the maximum mass configura-
tion. Using a harder EOS such as TM1-2 a larger hyperon
fraction is obtained for a given density. Due to the extra
hardness and the repulsive effect of the φ meson, mat-
ter is less compressible and stars with larger strangeness
content are more massive.
The identified uncertainties will certainly affect the ap-
pearance of other degrees of freedom, namely quark de-
grees of freedom, and we should expect a transition to a
deconfined phase at lower densities for a harder hadronic
EOS. The effect of the hyperon couplings and density de-
pendence of the EOS on the metastability of hyperonic
matter to the conversion to quark stars [32] should be
investigated.
There is still lacking a lot of information about the nu-
cleonic EOS at supra-saturation densities as well as on
the hyperon interactions in nuclear matter that may al-
low that an unambiguous answer is given to the question
whether the mass of the pulsar J1614-2230 could rule
out exotic degrees of freedom from the interior of com-
pact stars. We also conclude that some star properties
are affected in a similar way by the density dependence
of the symmetry energy and the hyperon content of the
star. To disentangle these two effects it is essential to
have a good knowledge of the EOS at supra-saturation
densities. Low mass stars will probably involve only nu-
cleonic degrees of freedom and will allow to study the
density dependence of the symmetry energy effect alone.
However, they will also only test densities not larger than
2-3ρ0.
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